Many mobile vehicles which have passive linkages have been developed. (Stone, 1996; Volpe, 1997; Kuroda, 1999; Lemon, 2004) Rocker-bogie suspension mechanism is a typical one. (Stone, 1996) For realizing high step-climbing performance, these vehicles have plural drive wheels and all drive wheels are grounded by the change of body configuration for increasing traction force. However, according to the mechanical design of passive linkages, the body configuration cannot fit the terrain surface and the drive wheels float from the ground. (Fig. 3 ) As a result, the wheels cannot transmit traction force and these actions disturb the mobile performance of the vehicle. Thus, in this paper, we propose a new design method of a passive linkage mechanism which ensures that all wheels are grounded for increasing the step-climbing performance of the vehicle. Our design method derives the position of the free joint point of linkages according to the shape of the obstacle which the vehicle passes over. Our key ideas are two topics. One topic is the assumption that the upward moment of the vehicle body which contacts the obstacle is required in order to pass over it with the stable posture. The other topic is the design method of the free joint point position for obtaining the upward moment. This paper is organized as follows: we discuss the stability condition of the vehicle during step climbing in section 2; we propose the new mechanical design scheme for a passive linkage mechanism in section 3; we show the results of experiments using our prototype in section 4; section 5 is conclusion of this paper. For realizing high step-climbing performance, the following two conditions are required.
• The traction force is enough for step climbing comparing with the mass of the body.
•
When the vehicle climbs the step, the moment force of the vehicle body is positive. If the vehicle does not have enough traction output for step climbing, the vehicle cannot pass over it. Therefore, the first condition is indispensability. The second condition is required for that the body configuration can change according to the terrain surface and all wheels can be grounded. If all wheels with actuator are not grounded, the vehicle cannot transmit the traction force. In this study, we assume that the vehicle has driving actuators with enough traction output and we discuss the second condition. Furthermore, for quick and efficient mobility performance, the vehicle should pass over the step in forward and backward direction. Therefore, we discuss the moment forces of both directions.
Derivation of Moment Forces
Now, we derive these moment forces. We set the position of free joint point as ( ) 
From the balance of moment forces on its body, equation (5) is derived.
When the vehicle climbs the step, the vehicle should have enough traction force to lift its own body. Therefore, the reaction force between the front wheel and ground is zero.
We assume that the wheel transmits maximum power to the ground within the range of friction between the wheel and ground.
The moment force of rocker part of the body ( l M ) is derived as equation (8). (1) to (8), we can derive the equation (9) and (10). 
Design of Passive Linkages

Free Joint Position
In this section, we design the proposed passive linkage mechanism. For increasing mobile performance on the step, the moment force which applies to the vehicle body should be positive. From equation (11) and (12), the moment force when the vehicle passes over the step is led by only the position of free joint point. Thus, we design the free joint point position so that the moment force is positive when the vehicle climbs the step. From two conditions, we set the free joint point as equation (13).
We propose new passive linkage mechanism as shown in Fig. 6 (b) . Fig. 6 (a) is an old prototype which has rocker-bogie suspension mechanism. 
Computer Simulations
We verify the effectiveness of our proposed design on passive linkage mechanism. In this simulation, the vehicle model passes over the step in forward direction at 0.25[m/s] and we measure the moment force which is applied on the body when the vehicle contacts the step. We compare the result of proposed mechanism with the result of rocker-bogie mechanism. As initial conditions, simulation parameters of test vehicle model are chosen from our prototype model. Parameters are shown in table 1. As the results of the simulation, the moment forces on the proposed mechanism are positive and all wheels are grounded during step-climbing. On the other hand, the moment forces on the rocker-bogie suspension mechanism are negative and during step-climbing, the middle wheel floats from the terrain surface. Furthermore, the step-climbing performance of the vehicle with our proposed mechanism is improved. From these results, our design for passive linkage mechanism is useful for increasing the mobile performance. Fig. 7 shows our prototype vehicle system (Chugo et al., 2005) . The vehicle has seven wheels and each wheel is connected to a single DC motor. Table 1 . The mobile mechanism consists of seven special wheels with free rollers and a passive linkage system. The free joint point of passive linkage mechanism is changeable. The special wheel (Fig. 2) realizes to generate the omni-directional motion using plural wheels arranged in the different direction and suitable wheel control (Ichikawa, 1995) . In this experiment, we change the free joint point position of passive linkage as Fig. 8 . Fig. 8 (a) is rocker-bogie mode and Fig.8 (b) is our proposed mode.
Experiments
Prototype
(1) and (2) are passive joints, (3) is motored wheel and (4) is control computer system (CPU and I/O card). Our prototype vehicle drives all wheels and has redundant actuations. Therefore, the vehicle system calculates from its reference speed to the actuator velocity commands based on its kinematic model using control computer system on its body (Chugo et.al., 2007) . 
Experiments
In this experiment, the test vehicle passes over the 60[mm]-height step in forward direction at 0.25[m/s] and we verify the tracks of wheels. We compare the result of proposed mechanism with one of the rocker-bogie suspension mechanism. In both cases, PID based controller for traction control is employed. Fig. 9 shows the tracks of free joint point of the vehicle during step climbing. Tracks are plotted at every 0.3 [sec] . The vehicle with our proposed mechanism can pass over the step more smoothly as shown in Fig. 9 . In this experiments, the vehicle with rocker-bogie suspension mechanism floats the middle wheel for 2.8[sec] as Fig. 10 . On the other hand, the vehicle with our proposed passive linkage mechanism floats the middle wheel for 0.6[sec]. As the result, the vehicle with proposed mechanism can pass over the 128[mm]-height step maximum. The vehicle with rocker-bogie suspension mechanism can climb up only 60[mm]-height step. From these results, we verify that our mechanism design is effective for increasing the mobile performance of the vehicle.
Conclusion
In this paper, we proposed the mechanical design for passive linkages. We discuss the moment force which is applied on the vehicle body when the vehicle contacts the step and we derive the moment force using the position of free joint point. From the derivation, we design new passive linkage mechanism and utilize it to our prototype. We verified the effectiveness of our proposed design on passive linkages by computer simulations and experiments. Utilizing our proposed mechanical design on the prototype, the moment force becomes positive, all wheels are grounded and step-climbing ability increases. From these results, our proposed mechanical design for passive linkages improves the mobile performance.
